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ABSTRACT 


Chicoroplasts were isolated from the leaves of 12 day old 


Kinghorn wax beans (Phaseolus vulgaris) with a sucrose-phosphate 


buffer and purified on a discontinuous sucrose density gradient. The 


lipids were extracted and purified on a Sephadex LH-20 column. The 
Muraited lipid was separated into four fractions by a silica gel 
column chromatographic method. The first two fractions contained 
most of the pigments while fraction 3 contained the monogalactosyl 
diglyceride and a phospholipid. Fraction 4 contained the digalact- 
osyl diglyceride and sulphoquinovosyl diglyceride. The seo linia 
were separated further by silica gel HR thin-layer chromatography. 
The glycolipid concentrations were obtained by estimating the sugar 
components spectrophotometrically after they had been hydrolized on 
the adsorbent in 2 N sulfuric acid and an aliquot was reacted with 
phenol and sulfuric acid. 

The lipids extracted from these chloroplasts contained only 
four major acyl lipids. These were monogalactosyl diglyceride, 
digalactosyl diglyceride, sulphoquinovosyl diglyceride and phos- 
phatidyl glycerol. Linolenic acid was almost the exclusive fatty 
acid of monogalactosyl diglyceride and represented more than 75% of 
the fatty acids of digalactosyl diglyceride. In the sulpholipid, 
less than half of the fatty acid was linolenic acid. The remainder 


of the fatty acids in these lipids was predominantly palmitic acid. 
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INTRODUCTION 


Recent years have seen major advances in our knowledge of 
the lipid chemistry and piochemistry of photosynthetic tissues, but 
most of the work has been performed on intact leaves rather than on 
isolated chloroplasts. This is largely a reflection of the difficulty 
experienced in isolating pure whole chloroplasts without loss or 
alteration of their components and with retention of their full 
metabolic capacities. Of the work done on isolated chloroplasts, 
only three investigations have dealt with quantitative analyses of 
the glycolipids (Wintermans, 1960; Allen, Good, Davis, Chisum and 
Fowler, 1966; Ongun, Thomson and Mudd, 1968). 

In the past, the main limitations were the methods available 
for separation of the lipid components for quantitative analyses. 
Farlier methods using silicic acid columns gave partial resolution 
of the major Minti and contamination with chlorophyll was a serious 
problem. Other methods, such as silicic acid impregnated paper and 
Silicic acid thin-layer chromatograms were subject to oxidation of 
the lipids during separation. 

Most of the methods involving column chromatography require 
that non-lipid impurities first be removed from the lipid extracts. 
Frequently this is achieved by repeated washing of ne extract with 
water or various salt solutions. This results in large losses of 
carbohydrate containing lipids. A method suitable for removing the 
non-lipids without washing, developed by Maxwell and Williams (1967), 


makes use of a Sephadex LH-20 column. More recently they (Maxwell and 
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Williams, 1969) reported that a short silicic acid column was better 
than previous methods in removing chlorophyll contamination, and 
Roughan and Batt (1968) have developed a rapid method for estimating 
very small amounts of sulpholipid and galactolipids from thin-layer 
chromatograms. 

Accurate analyses of the acyl lipid composition of chloro- 
plasts are desirable not only because of the significant role of 
lipids in membrane structure and in photosynthesis, but also because 
lipids represent more than one third of the chloroplast components. 
This investigation was designed to adapt existing methods to make 
them more suitable for quantitative estimations of glycolipids from 
isolated chloroplasts. In addition, it reports the;details of 
isolation and characterization of the major acyl lipids of bean 


chloroplasts. 
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LITERATURE REVIEW 


Leaf Lipids 

The lipids of leaves are known to consist of many components. 
Piescwineiuce neurral lipids such as hydrocarbons, waxes, alcohols, 
quinones, sterols, sterol esters and glycerides (Zill and Harmon, 
1962; Weenink, 1962; Nichols, 1963; Lepage, 1964; Sastry and Kates, 
1964a; Sastry and Kates, 1964b). Phospholipids such as phosphatidyl 
glycerol, polyglycerol phosphatide, phosphatidyl inositol, phosphat- 
idyl choline, phosphatidyl ethanolamine and normally traces of phos- 
phatidyl serine, phosphatidic acid and phytoglycolipid are also found in 
plant leaf tissue (Benson and Maruo, 1958; Benson and Stickland, 1960; 
Wintermans, 1960; Kates, 1960; Lepage, Mumma and Benson, 1960; Carter, 
Galanos, Hendrickson, Nakayama, Nakazawa and Noe 19625 Nichols, 
1963; Roughan and Batt, 1969). A sulpholipid has also been eon 
in all plant leaves examined (Benson, Daniel and Wiser, 1959; Benson, 
1963; O'Brien and Benson, 1964; Maxwell and Williams, 1968; Roughan 
and Batt, 1968; Roughan and Batt, 1969). Quantitatively the most 
important lipids of the leaf where found to be the galactosyl -di-= 
glycerides, monogalactosyl diglyceride and digalactosyl diglyceride 
(Benson and Maruo, 1958; Benson, Wintermans and Wiser, 1959; Wintermans, 
1960; Kates, 1960; Zill and Harmon, 1962; Allen, Good, Davis and 
Fowler, 1964; Sastry and Kates, 1963; Hirayama, 1965; Maxwell and 
Williams, 1968; Roughan and Batt, 1968; Roughan and Batt, 1969). 
The major lipids of the leaf have’ been found to be concentrated in 


the chloroplasts. 
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Chloroplast Lipids 

The total lipid content of spinach chloroplasts was found by 
Comar (1942) to make up 37 per cent of the dry weight. Dag Pon 
(1963) later reported that lipids make up 52 per cent of spinach 
chloroplast lamellae. 

There are fewer kinds of lipid components in leaf chloroplasts 
than in whole leaves. Starting with the minor lipids, chloroplasts 
contain several different kinds of quinone (Henninger and Crane, 1963; 
Henninger, Barr, Wood and Crane, 1965). Together the quinones con- 
stitute about 3 per cent by weight of the total chloroplast lipid. 
Menke and Jacob (1942) reported that 1.8 to 2.5 per cent of the lipids 
of spinach chloroplasts consisted of sterols. Zill and Harmon (1962) 
also claim to have found sterols in spinach chloroplasts, but no 
quantitative data were given. Nichols (1963) was unable to find any 
sterol in lettuce chloroplasts. Recently Mercer and Treharne (1965) 
reported the presence of small amounts of sterol in Phaseolus chloro- 
plasts and tentatively identified most of it as being cholesterol. 

The presence of sterol esters as well as sterols in chloroplasts has 
been reported for Sapium sebiferum (Hirayama, 1965) and Beta vulgaris 
(Baily, Thornber and Whyborn, 1966). Stevenson, Hemming and Morton 
(1963) have shown that tobacco chloroplasts contain isoprenoid alcohols 
and recently Wellburn and Hemming (1965) have found isoprenoid alcohols 
make up about 0.5 per cent of the total lipids of horsechestnut leaf 
chloroplasts. About 82 per cent of the chloroplast lipids are known 
components. The unidentified 18 per cent probably consist of small 


amounts of minor constituents such as free fatty acids, precursors of 
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phytol, chlorophyll and carotenoids and their breakdown products 
(Lichtenthaler and Park, 1963). 

The chloroplast contains only four acyl lipids in major 
proportions. These major chloroplast lipids are the three glyco- 
lipids, monogalactosyl diglyceride, digalactosyl diglyceride and 
sulphoquinovosyl diglyceride and the phospholipid, phosphatidyl 
glycerol (Benson sn Maruo, 1958; Benson, Wintermans and Wiser, 1959; 
Wintermans, 1960; Nichols, 1963; Allen, Good, Davis, Chisum and Fowler, 
1966; Ongun, Thomson and Mudd, 1968). The two galactosyl diglycerides 
are the most abundant lipid of the chloroplast. Between them they 
constitute about 40 per cent by weight of the total lipid (Park and 


Biggins, 1964). 


A. Galactosyl Diglycerides 


Carter and co-workers (1956) were the first to isolate and 
identify monogalactosyl diglyceride and digalactosyl diglyceride. 
They isolated the two galactosyl diglycerides from wheat flour and 
established their chemical structures as 2,3-di-O-acyl-1-0-(B-D- 
galactopyranosyl)-D-glycerol (monogalactosyl diglyceride) and 2,3- 
di-O-acyl-1-0-(6-0-«-D-galactopyranosyl-B-D-galactopyranosy1) -D- 
glycerol (digalactosyl diglyceride). Miyana and Benson (1963) later 
showed by quite different techniques that mono- and digalactosyl 
diglyceride of Chlorella had the same structure. Sastry and Kates 
(1963) also isolated and characterized these same two lipids from 
runner bean leaves. Wintermans (1960) separated the lipids of leaves 


and isolated chloroplasts of beet leaves by two dimensional paper 
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chromatography. He measured the concentrations of the galactosyl 
diglyceride in leaves and chloroplasts and found that they were 
specific to the chloroplasts. He reported that the concentration of 
monogalactosyl diglyceride in the chloroplasts was 24 X 10" moles 
Penelitresastcompared to 13 xX 10" mMolesuper litre of digalactosy| 
diglyceride. His results also indicated that galactosyl diglycerides 
make up about 41 per cent of the major acyl lipids of the beet chloro- 
plast. In his experiments with Sambucus and Phaseolus, Wintermans found 
that the concentrations of galactosyl diglycerides in the green leaves 
were significantly higher than in the yellow ones. The yellow leaves 
were given day lengths of only 0.5 to 2 hours as Opposed to 8 hours 
for the green leaves. Zill and Harmon (1962) used silicic acid 
chromatography to separate the lipids of whole spinach leaves and of 
the chloroplasts. They found that the galactosyl diglycerides were 
thermajor lipids of spinach chloroplasts. Because of poor separations 
and the interference with chlorophyll they were not able to report 
these on a quantitative basis. Nichols (1963) used thin-layer chrom- 
atography to separate the lipids of lettuce leaves and chloroplasts 
andw@ioundsthat sthe "galactosyl diglycerides,of the leat, were docated 

in the chloroplast and these were the most abundant lipids of the cell. 
Allen and co-workers (Allen, Good, Davis, Chisum and Fowler, 1966) 
separated the lipids of spinach chloroplast lamellae with diethyl- 
aminoethyl (DEAE) cellulose column chromatography. They showed that 
monogalactosyl diglyceride and digalactosyl diglyceride were confined 
to the chloroplast lamellae. They also tentatively identified a tri- 


galactosyl diglyceride in the chloroplast of spinach. Benson and his 
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co-workers (1958), earlier reported the synthesis of radioactive 
trigalactosyl diglyceride along with other lipids by exposing 
Chlorella cells to radioactive carbon dioxide for a short period 

of time under photosynthetic conditions. Ongun and Mudd (1968) 
reported that they never observed the presence of trigalactosyl 
diglyceride if the lipids were extracted immediately after the 
isolation of the chloroplasts. However they found that radioactive 
trigalactosyl diglyceride was formed during the incubation of 
chloroplasts with uridine diphosphate eneedseetc. They suggest- 
ed that this may possibly indicate that the mechanism responsible 
for the control of galactolipid synthesis was somewhat altered by 
removing the chloroplasts from their natural environment in the 
cell. Webster and Chang (1969) have recently isolated two poly- 
galactolipids from spinach chloroplasts which they designated as 
components A and B. They also obtained these two polygalactosyl 
diglycerides from glycolipid products synthesized with spinach 
chloroplast enzymes using uridine diphosphate suvanteueelts as a 
galactose donor. They purified these lipids by silicic acid column 
chromatography and thin-layer chromatography. One of these lipids, 
component A, was identified as trigalactosyl diglyceride and compon- 
ent B was tentatively identified as tetragalactosyl diglyceride. 
The relative amounts as molar ratio of galactolipids in spinach 
chloroplasts was reported as monogalactosyl diglyceride 60, digalac- 
tosyl diglyceride 30, trigalactosyl diglyceride 5, tetragalactosyl 


diglyceride 1. 
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B. Sulphoquinovosyl Diglyceride 


Plant sulpholipid was discovered by Benson, Daniel and Wiser 
in 1959. Their laboratory (Lepage, Daniel and Benson, 1961) later 
characterized it as being a glyceride of 6-sulphoquinovosyl glycerol. 
It has since been found in all photosynthetic plants in which it has 
been sought. Roughan and Batt (1969) recently reported its exisist- 
ence in twenty photosynthetic tissues ranging from the unicellular 
green alga Mesotaenium caldariarum to the leaves of higher plants as 
well as in parsnip root cortex. Wintermans (1960) measured the con- 
ecemuravvon ol sul phodi pidwane the, leaves’ and chloroplasts. of; beets.,. He 
found that the sulpholipid was less specifically connected 
with the photosynthetic apparatus than the galactosyl diglycerides. 
The concentration of sulpholipid in the chloroplast was found to be 
pices 10° moles per litre as compared to 9 X 10" moles per litre found 
in the total leaf. He also found from experiments with green vs.- 
yellow leaves that the concentrations of sulpholipid were not sig- 
nificantly different at different chlorophyll concentrations. 

Roughan and Batt (1969) have indicated that sulpholipid levels in 

red clover leaves may be reduced three-fold in the early morning as 
compared with later in the day. Zill and Harmon (1962) found that 
sulpholipid was mainly in the chloroplasts of spinach leaves. Sulpho- 
lipid has recently been shown to be specifically located in the lamellar 
part of the chloroplast of spinach (Shibuya land Maruo, 1965; Allen, 


Good, Davis, Chisum and Fowler, 1966). 
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CG. Phosphatidyl Glycerol 

Phosphatidyl glycerol was discovered by Benson and Maruo 
(1957). Haverkate and co-workers (Haverkate, Houtsmuller and van 
Deenen, 1962; Haverkate and van Deenen, 1956) found it was cleaved 
by phospholipases, the products confirmed the structure proposed 
by Benson as 1, 2-diacylglycerol-3phosphoryl-1-glycerol. Benson, 
Wintermans and Wiser (1959) reported the presence of phosphatidyl 
glycerol in spinach chloroplasts. Wintermans (1960) later reported 
the presence of four phospholipids in the whole leaves and the 
chloroplasts of spinach and beet. He found that phosphatidyl glycer- 
ol was concentrated in the chloroplast whereas phosphatidyl choline, 
phosphatidyl inositol and phosphatidyl ethanolamine were found mainly 
in the chlorplasts. Allen and co-workers (Allen, Harayama and Good, 
1966) found that phosphatidyl glycerol made up 16 per cent of the 
total acyl lipids of spinach chloroplast lamellae. They also found 
small amounts of phosphatidyl choline and phosphatidyl inositol in 
the lamellae. Ongun, Thomson and Mudd (1968) have recently reported 
that chloroplasts isolated from tobacco leaves contained 74 per cent 
of the cellular Peereraae glycerol. They also found that phosphat- 
idyl inositol, phosphatidyl choline and phosphatidyl ethanolamine are 
Mainly in the cytoplasmic fraction buteare alsovfound) in the chloro- 
plast fraction. The occurrence of phosphatidyl choline, phosphatidyl 
inositol and phosphatidyl ethanolamine in chloroplasts is debatable 
and the uncertainty arises from the difficulty experienced in 
isolating uncontaminated chloroplasts from leaves using aqueous media. 


A study of a variety of chloroplast preparations shows that the purer 
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the preparation, the smaller the proportion of phosphatidyl choline 
in the lipid extract (Nichols and James, 1968). On the other hand, 
no chloroplast preparations have yet been reported that do not contain 


phosphatidyl choline. 


Fatty Acids 


The total fatty acid composition of the leaves of higher 
plants show a consistent pattern in which only slight quantitative 
Variations occur between plant classes. The major fatty acids in 
leaves, on a quantitative basis are linolenic (9, 12, 15-octadeca- 
trienoic acid), linoleic acid (9, 12-octadecadienoic acid) and 
palmitic acid (hexadecanoic acid), and in some plant leaves such as 
Spinach and tobacco, 7, 10, 13-hexadecatrienoic acid has been found 
to be a major fatty acid (Heyes and Shorland, 19513; Debuch, 1961). The 
monoenoic acid, trans-3-hexadecenoic acid is a minor component of the 
total fatty acids but has been found only in the green ree nthe 
tissue of plants. The fatty acid is also unique in that it has a 
trans configuration instead of the usual cis (Weenink and Shorland, 
1964; Allen, Good, Davis and Fowler, 1964; Nichols, 1965a; Nichols, 
Stubbs and James, 1967). This trans-3-hexadecenoic acid is absent 
from etiolated tissues (Nichols, Wood and James, 1965; Nichols, 1965b). 

Chloroplasts contain large amounts of fatty acids combined in 
various forms and possibly free as well. Crombie (1958) found that 
fatty acids (free: and combined) made up about 44 per cent by weight 


of the total lipids of the chloroplasts of Vicia faba. 





The lipids of leaf chloroplasts contain a higher proportion 


of polyenoic acids, particularly linolenic acid than do those from 
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other parts of the leaf (James and Nichols, 1966; Wolf, 1961). The 
fatty acids of chloroplasts are not randomly distributed between the 
different acyl lipids but show a very high degree of Speci Lec yvirtor 
certain lipids (Allen, Hirayama and Good, 1966; Nichols, 1965b). 

The only information regarding the fatty acid composition of the 
individual lipids from isolated chloroplasts is from the work done 
by Allen and co-workers on spinach (Allen, Hirayama and Good, 1966; 
Allen, Good Davis Chisum and Fowler, 1966). On the other hand, there 
is a lot of data concerning the composition of the individual lipids 
from the unfractionated leaf tissue. 

Linolenic acid which is the most abundant fatty acid is 
primarily concentrated in the two galactosyl diglycerides, especially 
in the monogalactosyl diglyceride. Digalactosyl diglyceride also 
contains significant quantities of palmitic acid (Nichols, Harris and 
James, 1965; Allen, Hirayama and Good, 1966; Nichols, 1965b; Rosen- 
berg, Gouaux and Milch, 1966; Rosenberg and Gouaux, 1967; Allen, 
Good, Davis and Fowler, 1964; Nichols, 1965a; Nichols, Stubbs and 
James, 1967; O'Brien and Benson, 1964; Gardner, 1968). The fatty 
acid composition of sulphoquinovosyl diglyceride and phosphatidyl 
glycerol is predominately palmitic and linolenic acids (Nichols, Harris 
and James, 1965; Allen, Hirayama and Good, 1966; Nichols, 1965b; 
Allen, Good, Davis and Fowler, 1964; Nichols, 1965a; O'Brien and 
Benson, 1964; Nichols, Stubbs and James, 1967). Phosphatidyl 
glycerol also contains all the trans-3-hexadecenoic acid present in 
the leaf (Haverkate and van Deenen, 1965; Allen, Good, Davis and 


Fowler, 1964; Weenik, 1964; Nichols, 1965a; Allen, Good, Davis, 
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Chisum and Fowler, 1966). The positional distribution of the fatty 
acids of phophatidyl glycerol were investigated after complete 
breakdown by the action of phospholipase A from snake venom, which 
liberates specifically the fatty acids from the 2-position of the 
lipid. Analysis by Haverkate and van Deenen (1965) showed that the 
trans-3-hexadecenoic acid was located exclusively at the 2-position, 
while a predominant part of the linolenic acid appeared to occupy 
the l-position. Phosphatidyl glycerol is not a specific lipid of 
photosynthetic tissues in so far as this phospholipid was detected 
in relatively large amounts in many non-photosynthetic bacteria, and 
it was found to be a minor lipid component of animal tissues. On the 
other hand, the chemical make up of the phosphatidyl glycerol from 
WaAcLousmsouncessnas, Deen tound to be quite different. A specific 
association between phosphatidyl glycerol and trans-3-hexadecenoic 
acid appears to occur only in those organisms in which photosynthesis 
is of the type found in green plants. This combination has not been 
found so far in this lipid from animal tissues, non-photosynthetic 
bacteria or from photosynthetic bacteria (van Deenen and Haverkate, 


1966). 


Fatty Acid Composition Changes 


Crombie and co-workers were among the earliest to investigate 
the effects of light and darkness upon the fatty acid composition 
of plant tissues (Crombie and Comber, 1956; Hardman and Crombie, 
1958; Crombie, 1958). These workers noted marked increases in the 


linolenic acid content of watermelon cotyledons during greening. 
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Comparing light and dark-grown cultures of Euglena gracilis (Erwin and 
Bloch, 1962; Erwin and Bloch, 1963; Rosenberg, 1963; Hulanicka 

et al., 1964), large amounts of linolenic acid were found in light- 

' grown cells. Newman (1962) and Wallace and Newman (1965) using bush 
beans showed that the chloroplasts of light-grown material contain 

a higher ratio of unsaturated to saturated fatty acids, and a higher 
Katio ot Cog to Ci fatty acids ‘than do the proplastids of dark-~ 
grown material. Wolf, Coniglio and Bridges (1966) analized the fatty 
acids of the chloroplasts of wheat grown either in continuous dark- 
ness or under a 14-hour ‘photoperiod. They found a pronounced increase 
in linolenic acid in the light, with corresponding relative decreases 
in palmitic, stearic and oleic acids. Newman and Wallace (1965) 
showed that decreased rates of photosynthesis lead to decreases in 
the concentratios=or Ginolenic acid and galactolipids of leaf tissue. 
Gray, Rumsby and Hawke (1967) have recently shown a relationship te= 
tween the levels of chlorophyll and thee facty acids in green 
itesue Ole crasses. VAS thet chlorophyll) level rose, the linolenic acid 
composition increased. They reported that there were relatively 
small changes in the fatty acid composition of monogalactosyl di- 
glyceride of grasses of different chlorophyll content. They con- 
cluded that the observed increase in linolenic acid content associated 
with increased photosynthetic activity is due to an increase in the 
total galactolipid content of the tissue and not to changes in the 
constituent fatty acid components of monogalactosyl diglyceride. 
Nichols, Stubbs and James (1967) demonstrated that the increase in 


linolenic acid content observed upon illumination of dark-grown 
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Ricinus seedlings occurred primarily in the galactolipids. They also 
demonstrated that of these galactolipids, only monogalactosyl di- 
glyceride and sulphonquinovosyl diglyceride were enriched with this 
acid. Appelqvist, Boynton, Stumpf and Wettstein (1968) also demon- 
strated the enrichment of linolenic acid in monogalactosyl diglycer- 
ide and sulphoquinovosyl diglyceride of greening barley. They, how- 
ever, did not find an enrichment of this fatty acid in the digalactosyl 
diglyceride fraction. In these experiments, the increase in linolenic 
acid content of the total lipids and the enrichment of the mono- 
galactosyl diglyceride fraction were found to occur in the first 15 
hours of greening, with little change thereafter. This coincided 

with chlorophyll synthesis and the formation of the chloroplast 
lamellar system. 

Changes in composition of fatty acids of leaves has been 
observed with the age of the plant. Younger leaves appear to contain 
more unsaturated fatty acids and older ones more saturated acid. Hawke 
(1963) has studied the difference in the composition of the lipids 
of new growth and mature ryegrass. The fatty acids of the new growth 
were linolenic (75%), palmitic (12%) and linoleic (8.4%). In the 
mature ace the composition was linolenic (65%), palmitic (16%) and 
linoleic (12%). It was also found that young leaves of the squash 
plant had a lower ratio of saturated to unsaturated fatty acids than 
older leaves (Wallace and Newman, 1965). Newman also found that the 
fatty acid composition of the leaves from the different nodes of bush 
beans varied, the younger leaves contained more Cig unsaturated acids 


and older ones more palmitic acid. He also reported that plastids 
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from mature tissue of bush bean contained less chlorophyll and have 
a higher saturated to unsaturated fatty acid ratio than plastids 
from young tissue. Klopfenstein and Shigley (1967) showed that in 
the sulpholipid of alfalfa leaves, the proportion of palmitic acid to 
linolenic acid increased during aging of the plant. It has also 
been suggested (Roughan and Batt, 1969) that sulpholipid levels 

in the early morning may be reduced three-fold compared with later 
in the day. If it is a general property of plants, that as they 
mature their leaf lipids become more saturated, and if the lipid 
composition varies depending on the time of day of harvest, it will 
not be possible to assign a characteristic fatty acid composition 


to a plant lipid, on the basis of only one analysis. 


Function of Lipids in Chloroplasts 


The structure of lipids present in the chloroplast are now 
fairly well understood, but their exact location and function have 
yet to be clearly defined. These lipids could function as either 
chemical or structural components of the chloroplast and could also 


serve both functions. 


A. Metabolic Function 

Several possibilities have been considered for the chemical 
involvement of the acyl lipids in the various metabolic processes 
carried out within the chloroplast. One of the earlier suggestions 
was made by Benson, Wintermans and Wiser (1959) who found that the 
most abundant lipids of the chloroplast were galactosyl diglycerides. 


From this they suggested that the function of these lipids was as a 
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reservoir of carbohydrate within the chloroplast. They also mention- 
ed that these lipids may participate in carbohydrate metabolism as 
well. Ferrari and Benson (1961) studied the rates of VM incorpora- 
tion into lipids and their components during steady state photo- 
synthesis with Lieot by Chlorella pyrenoidosa. They found that the 
fatty acids of monogalactosyl diglyceride and phosphatidyl glycerol 
were rapidly labelled. The glycolipids were labelled in the order of 
monogalactosyl diglyceride, digalactosyl diglyceride and sulpho- 
quinovosyl diglyceride. They also observed a rapid turnover of label 
in the sugar moieties of these three glycolipids. The turnover of 
label in the sugar portion of the digalactosyl diglyceride and the 
sulpholipid was faster than the turnover of labled fatty acids of 
these two glycolipids. From these results they concluded that the 
galactosyl diglyceride and possibly the sulpholipid are involved in 
sugar metabolism and transport in the chloroplast. 

It has been suggested by Erwin, Hulanicka and Bloch (1964) 
and supported by others (Kates and Volcani, 1966; Patton, Fuller, 
Loebinch and Benson, 1966; Appleman, Fulco and Sugarman, 1966), that 
the high content of linolenic acid in the galactolipids, which occur 
almost exclusively in the chloroplast, may be related to a functional 
role of these lipids in photosynthesis. These authors suggested that 
linolenic acid may be chemically involved in electron transport or is 
a necessary physical component of the oxygen-evolving reaction in 
photosynthesis. On the other hand oxygen may be required for the 
photosynthesis of neisienie acid from oleic acid, and that the in- 


creased synthesis of this fatty acid after photosynthesis begins may 
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be merely a reflection of the requirement for oxygen (O'Brien and 
Benson, 1964). The observation by Holton and co-workers (1964) as 
well as Nichols and Wood (1968) and Parker et al. (1967) that some 
blue-green algae can carry out the Hill reaction despite the lack of 
polyunsaturated fatty acids indicates that the proposal by Erwin 

et al. (1964) could not apply universally. 

It has been pointed out earlier in the review that in all 
photosynthetic tissue of higher plants studied, trans-3-hexadeconic 
acid is specifically located on phosphatidyl glycerol which is the 
major phospholipid of chloroplasts. Moreover, it was absent from all 
etiolated photosynthetic tissue which has been examined (Nichols, 
1965b; Nichols, Wood and James, 19653; Appelqvist, Boynton, Stumpf 
and Wettstein, 1968). From these observations, Nichols and his co- 
workers (Nichols, Wood and James, 1965) suggested that this acid might 
have some.specific active role in photosynthesis. Their suggestion 
may be supported by the fact that the fatty acids of phosphatidyl 
glycerol turn over more rapidly than those of any other lipid in 
the chloroplast (Ferrari and Benson, 1961; Nichols, Stubbs and James, 
1967; Nichols and James, 1967). On the other hand, it was shown by 
Nichols (19650) that this fatty acid is not present in some blue-green 
algaes From this, one’can conclude? that’ unless there is a’ diiference 
in the mechanisms of photosynthesis in blue-green algae and that of 
leaves and other algae, this fatty acid cannot be essential for 


photosynthesis in all species. 
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B. Structural Function 

Recently Weier and Benson (1967), Muhlethaler (1966) and 
Bamberger and Park (1966) suggested how the acyl lipids and other 
components of the chloroplast lamellae could be arranged. Weier and 
Benson (1967) pictured the whole chloroplast lamellae consisting of 
mixed protein and lipid components. They suggested that the molecules 
of protein are relatively hydrophobic in nature and that the hydro- 
carbon chains of the chlorophyll, carotenoids and the lipids are 
buried within the coiled protein molecular band in hydrophobic associa- 
tion. On the other hand, Kreuty (1966) had suggested that the lipid 
and protein components are separate. 

Muhlethaler (1966) and Park and his co-workers (Bramberger 
and Park, 1966; Branton and Park, 1967) using the technique of 
freeze-etching found particles of two size categories in the chloro- 
plast lamallae. Muhlethaler (1966) described these particles as 
being 120A wide, each probably made up of 4 subunits 60A deep, and 
a second class of single 60A particles. He suggested that these 
particles were composed of protein and lie outside but partially 
embedded in a double membrane of lipid. Bramberger and Park (1966), 
on the other hand, described these particles as being 170A and 90A 
in size and as being within bee granal structure. To determine where 
the lipids were in this membrane, Bramberger and Park treated the 
chloroplast with an enzyme preparation from runner bean leaves which: 
contained galactolipases and galactosidases. The chloroplasts were 
then observed under the electron microscope after freeze-etching. 


The results were compared with untreated chloroplasts. They suggested 
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that the thylakoid is built of a galactolipid layer on which large 
particles (175 A) in an embedding matrix are located. They also 
concluded that these 175 A particles contained lipid, protein and the 
chlorophyll. 

It is fairly well established that all chloroplasts which 
perform the Hill reaction have the same lipid composition, even 
though the individual fatty acid composition shows slight variations. 
This similarity may indicate that these lipids are acting as specific 
structural components. Rosenberg (1967) postulated that the lipids 
represen. seeenlns structural components which serve to maintain 
the chlorophylls in correct steric orientation with one another and 
their associated enzymes in the chloroplast membrane. He suggested 
that this is made possible by a lock-and-key fit between the methyl 
Proups: in sthe.phyted<portion of the chlorophyll molecule and the 
methylene-interrupted, cis double bonds of the fatty acids in the 
galactosyl diglycerides. Induced polar interaction of double bonds 
with methyl groups was proposed as a force that favors binding of 
the two components. London-Van der Waals forces were also considered 
by Rosenberg to contribute to this binding. 

Van Deenen and Haverkate (1966) proposed that the lipids 
such as the galactosyl diglycerides which are devoid of charged 
groups may participate in hydrophobic interactions with structural 
protein of the chloroplast while the negatively charged lipids such 
as the phosphatidyl glycerol and sulpholipid may play a prominent 
part in attaining charge-charge interactions between lipid micelles 


and proteins. 
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MATERIALS AND METHODS 





Plant Material 

Kinghorn wax beans (Phaseolus vulgaris) were chosen for 
the study because of their uniform and rapid rate of growth and the 
relative ease of chloroplast preparation. The beans were grown for 
12 days in a growth chamber at 70°C with a light intensity of 1,900 
foot candles and a photoperiod of 16 hours. Prior to harvest for 
chloroplast preparations the seedlings were placed in darkness for 
12 hours to reduce the starch content in the chloroplasts. The 
leaves were harvested on the morning of the isolation of the chloro- 


plasts. 


Isolation of Chloroplasts 


Approximately 100 gm of leaf material were ground aon 150 ml 
of media containing 0.33 M sucrose and 0.1 M phosphate buffer at 
pH 6.8 in a mortar at 4°C. The pulp was squeezed in 4 layers of 
cheese cloth to separate the crude homogenate. The homogenate was 
centrifuged at 100 g for 2 minutes to remove the nuclei and cell debris. 
The sera eant was then centrifuged at 1,000 g for 15 minutes to 


yield the crude chloroplast pellet. 


Purification of Chloroplasts 


The crude preparation was washed by suspending the crude 
pellet in 0.33 M sucrose phosphate buffer and centrifugation at 
3,000 g for 20 minutes. The resultant pellet of chloroplasts (plus 


some mitocondria) was then purified by resuspending the pellet in 
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0.33 M sucrose phosphate buffer and layering it on a discontinous 
sucrose density gradient. The gradient consisted of 3 sucrose phos- 
phate buffers. The first layer was 1.0 M sucrose, the second 

1.5 M and the third was 2.0 M sucrose, all in a 0.1 M phosphate 
buffer. Following centrifugation at 25,000 g for 20 minutes the 
chloroplast layer was retained at the interface between the 1.0 M 
and 1.5 M sucrose bands. The liquid above this layer was removed 
with a syringe and discarded. The chloroplast layer was then re- 
moved in a similar manner. An equal volume of sucrose-free phosphate 
buffer was added to the chloroplast layer and the suspension was 
centrituged' av 3,000 ¢ for 15 minutes. The pellet obtained from 
this centrifugation was considered as the purified chloroplast pellet, 


(Gaya ie 


Chlorophyll Determination 
The purified chloroplast pellet was brought to 100 ml with 


distilled water and mixed well to give a uniform suspension. An 
aliquot of the suspension (0.5. ml) was pipeted into a 25 ml volume- 
tric flask to which was added 4.5 ml of water and 20 ml of acetone. 
The mixture was centrifuged at 3,000 g for 5 minutes. Absorption 
readings of the supernatant were made of a Beckman Model DK-1 record- 
ing Spectrophotometer at 645 and 663 nm. Total chlorophyll as mg of 
chlorophyll per ml of chloroplast suspention was calculated according 
to Arnon (1949). The remainder of the chloroplast suspension was 


transferred to a 250 ml flask and freeze-dried over night. 


Lipid Extraction 


The lipids were extracted from the freeze-dried chloroplasts 
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Bean leaves ground in 0.33 M 
sucrose phosphate buffer 


Filtered through cheesecloth 
Cell free homogenate 


Nuclei, cell debris LOOmy Crm iT 
(discard) 


Supernatant 
OOO Meare ye. ana 


Crude chloroplast pellet Supernatant 
(discard) 
| Resuspend in sucrose 
phosphate buffer 


| 3,000 x g, 20 min 


Washed chloroplast pellet Supernatant 
(discard) 

| Layered on discontinuous 

| sucrose density gradient 

| (Gl zOeMerel 252Mje2-0eMisucrose 

| in 0.1 M phosphate buffer) 





| 25,000 x g, 20 min 


Chloroplast band in 1.5 M 
layer collected 


Resuspend an sucrose! free 
O.1 M phosphate buffer 


VOOR Kee.) CU sii 


Purified chloroplasts 


Fig. 1. Flow diagram of the isolation and purification of the chloro- 
plasts from Kinghorn wax bean leaves. All operations were at 
Hoe ein 0.1 M phosphate buffers CoHeG. 8). containing 0.01 M 
KCl and 0.01: M MgCl,. 
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with 2:1 (v/v) chloroform-methanol and the extract was filtered 
through a fritted glass Buchner funnel and evaporated to a small 
volume on a flash evaporator. The extract was then filtered through 
anhydrous sodium sulphate to remove any traces of water and was ev- 
aporated to dryness on a flash evaporator at room temperature. The 
residue was flushed thoroughly with nitrogen, redissolved with 3:1 


chloroform-methanol (c/M) and brought to exactly 5 ml in volume. 


Pornvieca tion of Lapioelbxiracts 


Pub cCatloneoL une lipid extract, was carnied, ouv on a 
Sephadex column by the method of Maxwell and Williams (1967). The 
fines were removed from Sephadex LH-20 by suspending it in water, 
allowing to settle for 15 minutes and then decanting the liquid. 
This was repeated several times to remove chloroform-insoluble re- 
Side we Deu oepuadex was then 1illered)inga Buchner funnel and air- 
dried. Before use, the gel was soaked in 3:1 C/M for a minimum of 
48 hours. The slurry was poured into a 1 by 18 cm column. Because 
Sephadex LH-20 floats in this solvent mixture, a flow rate had to be 
maintained while the column was being poured. After the column was 
prepared without packing, a disc of filter paper was placed on top 
of the gel to reduce the tendency of the gel to float when further 
solvent was added. | e 

AwienlusamplLenOtmelipid vex racum i nas s a C/M was pipeted care- 
fully onto the filter paper disc and washed into the column with 
very small portions of solvent. To ensure good separation of lipids 
from contaminats a flow rate of eer ely O.1 ml per minute was | 


used. A water jacket around the column and a constant temperature 
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water bath were employed to keep the column at a constant temperature 
of 20° C. 

One ml fractions were collected and assayed for total sugars 
by the method of Dubois et al. (1956). The fractions were dried 
under nitrogen and were hydrolyzed at 100° Gowith 2 mis of 3 Nisulfurac 
acid for 2 hours. After cooling, 1 ml of 5 per cent phenol and 5 ml 
of conc. sulfuric acid were added to each test tube. The tubes were 
mixed on a vortex mixer and then allowed to stand at room temperature 
for 15 minutes before measuring the absorbance on a Beckman DK-1 
spectrophotometer at 490 nm. (this is the region of maximum absorb- 
ance of the solution, as shown in Fig. 2). The concentrations of 
sugars were calculated from a standard curve for galactose (Fig. 3). 

In order to determine the amounts of water soluble sugars, 

1 ml fractions were collected from an identical column. They were 
dried on a flash evaporator, redissolved in 1 ml with chloroform and 
then washed thoroughly with 2 ml of water by mixing the contents of 

the centrifuge tube on a vortex mixer. The two layers were separated 
by centrifugation at 1,000 g for 3 minutes and 0.5 ml aliquots of the 
water layer were removed for analysis of water-soluble components. 
Water-soluble sugars were determined as galactose by the method of 
Dubois et al. (1956). The difference between the values obtained 

for the total sugar and the water-soluble sugar was taken as represent- 
ing the amount of lipid sugar and is reported as galactose. The frac- 
tions of the column that were found to contain the lipids on the 

basis of lipid sugar content were then combined into a single fraction. 


This fraction, which also contained pigments, was dried on a flash 
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Absorption Spectrum of Galactose in Phenol/Sulfuric Acid. 


To 1 ml containing 100 ug galactose were added 
1 ml 5% phenol and 5 ml concentrated sulfuric acid. After 
mixing and cooling to room temperature, the absorption 
spectrum was read on a Beckman DK-1 spectrophotometer. 







ees Bin See Le * SSeS 


é 


7 2. Sana See 
OU» Ors Ooe 
(ene) citonslaval¥ 






vge 


Peer 





PLEP logan Si 9c] sRi Se io peas 





24 OS cea 


Toya ‘ines wa 
¥ or ak 
= hi | oe _ : ri a 'S 





Absorbance 





ates Sis 


26 


ug Galactose 


Galactose Standard Curve Used to Estimate the Concentra- 
tions of Sugar in Eluates from Sephadex LH-20 Columns. 
The readings were taken at 490 nm. 
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evaporator, redissolved and brought to a volume of 5 ml with chloro- 


form. 


separation of Lipids 
i. Column Chromatography 

Silicic acid columns were prepared by the method described 
by Maxwell and Williams (1968). The silicic acid (100 mesh) was 
washed five times in distilled water to remove fines and was then 
thoroughly dried in an oven at LlOpeC . The silicic acid was sus- 
pended in chloroform and poured into a column 1 cm by 1.75 em high 
without packing. A filter paper disc was placed on top of the gel 
to prevent any disturbance of the column during solvent additions. 
The column was then washed with 5 to 10 ml of chloroform. A 1 ml 
aliquot of lipid in chloroform was applied to the column and washed 
earefully with’small quantities of solvent. A water jacket around 
the column and a constant temperature water bath were used to keep 
the column at a temperature of 20° C. It was found that the colum 
had to be kept at a constant temperature to get reproducible results. 
Fraction 1 was eluted with 25 ml chloroform. Fraction 2 was eluted 
with 25 ml 0.4 per cent acetic acid in chloroform. The flow rate of 
EfacuLonsm sand, 2) Was approximatelye0. oem eperemenlte. seNtrac Ll Ones 
was eluted with 40 ml 0.4 per cent acetic acid and 3°per cent methanol 
in chloroform. Fraction 4 was eluted with 25 ml .0.4 per cent acetic 
acid in 1:1 C/M. A faster flow rate was used in the elution of 
fractions 3 and 4 Fractions 3 and 4 were evaporated on a flash 


evaporator, flushed with nitrogen and redissolved in chloroform. 
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7a Thin-Layer Chromatography 


Thin layer plates coated with approximately 250 ppolssilica 
gel HR (Merck) were activated at 120°C for 30 minutes immediately 
before use and developed with the solvent system Chloroform/methanol/ 
glacial acetic acid/ water (85/15/10/3) in tanks lined with filter 
paper. Initially fractions 1, 2, 3 and 4 were each spotted on a 
plate and the plate developed in the solvent system for 50 to 60 
minutes. After drying the plates for 5 to 10 minutes they were 
sprayed with a solution of Rhodamine 6G prepared on the day of 
use by mixing 1 ml of a stock solution of 0.1 per cent (w/v) Rho- 
damine 6G in methanol with 25 ml of 2 N ammonium hydroxide. The 
sprayed plates were viewed while still damp under long-wave UV 
light. The lipids were distinguishable by their pink fluorescence. 
The identification of sugar-containing spots was made by spraying 
the plates with 0.2 per cent anthrone (w/v) in concentrated sulfuric 
acid followed by heating at 70° C (Rosenberg, Gouzux and Milch, 1966). 
This produced green spots with galactosyl diglycerides and violet 
Spots with sulpholipids. 

Subsequently, fractions 3 and 4 were applied as 4 cm bands on 
the plates. Development of the chromatogram was complete in 50 to 60 
minutes and after drying for 5 to 10 minutes the plates were subject- 
ed to iodine vapor which made the bands visible. The bands were out- 
lined with a needle and the iodine was allowed to evaporate. The bands 
were then scraped off the plates into glass centrifuge tubes with a 
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Estimation of Sulpholipid 

In addition to scraping off the band from the thin-layer 
plate which corresponded to sulpholipid on the basis of Rf, a blank 
was also taken from a comparable zone on the plate. To each cent- 
rifuge tube (sample and blank) 2 ml of 2 N sulfuric acid was added. 
The tubes were then loosely stoppered with glass marbles and placed 
in boiling water bath for 60 minutes. During this time the tubes 
were shaken four or five times. After cooling and centrifugation 
at 2,000 g for 5 minutes, a 1 ml aliquot was withdrawn from each 
tube and transferred to test tubes. After trying varying amounts 
of phenol and sulfuric acid, it was found that one ml of 2 per cent 
phenol and 4 ml of conc. sulfuric acid gave the maximum absorbance. 
Thus, these were the amounts added to each aliquot. The tubes 
were mixed on a vortex mixer and then were allowed to stand at room 
temperature for 15 minutes before measuring the absorbance of the 
sample at 490 nm. The readings were compared to a standard galactose 
curve (Fig. 4). Galactose was substituted for sulphoquinovose as a 
standard in this assay. Equal weights of galactose and sulphoquin- 
ovose give the same net absorbance when using the above method (Roughan 
and Batt, 1968). To convert the galactose figures to sulpholipid, 
the experimentally determined values were multiplied by the factor 
4.5. This value is derived from the molecular weight of sulphoquin- 
ovosyl diglyceride and is based on the assumption that the sulpholipid 


contained equal amounts of palmitic acid and linolenic acid. 
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ug Galactose 


Galactose Standard Curve Used to Estimate Sugar in Lipids 
Separated on Silica Gel HR Plates. The solutions contained 
a range of concentrations of galactose in 0.5 ml, 1 ml 2% 
phenol and 4 ml concentrated sulfuric acid. The readings 
were taken at 490 nm. 
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Estimation of Galactolipids 

The monogalactosyl diglyceride and digalactosyl diglyceride 
bands were treated like that of sulpholipid but 0.5 ml of the sample 
was used after centrifugation instead of 1 ml. To convert these 
galactose figures to mono- and digalactosyl diglyceride, the experi- 
mentally determined values were multiplied by factors of 4.3 and 2.7 


respectively (Maxwell and Williams, 1968). 


Phospholipid Determinations 


Phosphorus determinations were carried out by the method 
described by Bartlett (1958). A 0.5 ml aliquot of the purified lipid 
was used for analysis. The aliquot to be analyzed and 0.5 ml of 10 
Nesulbturiesacid were placed in a 20 ml pyrex test tube and heated in 
By 1G Nee 10> °C evem-tor 3 hours. Several drops of 30 per cent 
hydrogen peroxide were added and the solution was fencrnedaee the 
oven for 1.5 hours more to complete the combustion and to decompose 
all the peroxide. To the hydrolysate 4.6 ml of 0.22 per ee ammonium 
molybdate and 0.2 ml of Fiske-Subba Row reagent were added. The 
contents of the tubes were mixed thoroughly, the tubes were covered 
with glass marbles and heated for 7 minutes in a boiling water bath. 
The optical density at 830 nm (which is the region of maximum ab- 
sorbance of the phosphomolybdate complex, as shown in Fig. 5) was 
recorded with a Beckman DK-1 spectrophotometer. The concentration 
of phosphorus in the sample was then determined from a standard curve 
(Fig. 6). To convert the phosphorus figures to phospholipids the 


values were multiplied by the factor 24. This value is based on the 
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Fig. 5. Absorption Spectrum of Phosphomolybdate Complex as Recorded 
With a Beckman DK-1 Spectrophotometer. 
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The readings were taken 


Standard Curve for Phosphorus. 
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assumption that the phospholipids are predominantly phosphatidyl 


glycerol. 


Fatty Acid Composition 

The glycolipid bands were scraped off the thin-layer plates 
into glass test tubes. To each tube were added 2 ml of methanol and 
O.1 ml of sulfuric acid. After refluxing for one hour, the contents 
of the tube were diluted with 3 ml of water. The esters were then 
extracted with petroleum ether. The methylated fatty acids were 
dried by evaporating the petroleum ether under nitrogen and the 
methyl esters were taken up in methanol. The fatty acid methyl 
esters were analyzed on an Aerograph model 200 gas chromatograph 
equipped with a hydrogen flame ionization detector. A coiled stain- 
less steel column 10 feet by 1/8 inches was packed with diethylene 
glycol succinate (20%) on 60-80 mesh chromosorb P. The ends were 
plugged with glass wool and the column was connected to the injector 
end of the Aerograph 200. Nitrogen was allowed to pass through 
the column at a flow rate of 25 ml per minute and the column was 
conditioned for 48 hours at 200° C. It was then connected to the 
detector end and used for separation of the esters. The column temp- 
erature was 1650 CG, injector temperature 240° G,.and,the flow rate 
of nitrogen was maintained at 25 ml per minute. dl 

The peaks were identified by matching unknown fatty acids 
with known standards. The standard fatty acids were obtained from 
Applied Science Laboratories, inc. State College, Pa. The areas under 


the peaks were measured with a planimeter. 
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Chloroplasts 


Extracted with 2:1 C/M. 
| Water was removed with 
# 


| anhydrous Na,S0), 


Residue Filtrate 
(discard) 
Dried and redissolved in 
3:1 C/M. Passed through 
Sephadex LH-20 column. 


a a 


Other fractions Pigments and Lipids 
(discard) 
—_—_—_—_—_—_—_————__ Dried and redissolved in 
i chloroform. Passed through 


a 











Phospholipid silica gel column. 
detm. 
i 
25 m1 25 ml 0.4% 4O ml 0.4% 25 ml 0.4% 
chloroform acCoune .aC10: SceuLe 361d aCe ClacidsaT 
in -chlorororm and 3% methanol TC] M 
: in chloroform 
Combine ' 
Pigments and Monogalactolipid Digalactolipid 
non-polar lipids and Phospholipid and Sulpholipid 
(discard) | 
TLG with silica TLC with silica 
gel HR gel HR 
Monogalactolipid Sulpholipid Petes tos 
i 
GLC GLC GLC 
Fatty Acids Fatty Acids Fatty Acids 


Fig. 7. Flow diagram of the extraction, purification and analysis 
of the lipid components of Kinghorn wax bean chloroplasts. 
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RESULTS AND DISCUSSION 


lapideixtractioneand Purification 

There are various methods for extracting total lipids from 
plant tissue. Solvents which have been used include n-butanol, 
petroleum ether, ethyl ether, acetone, chloroform and ethanol. Water 
saturated n-butanol is a very satisfactory solvent for extraction but 
its high boiling point may cause oxidation of unsaturated fatty acids 
when further analysis is necessarary. A 2:1 chloroform-methanol sol- 
vent mixture originally proposed by Folch, Lees and Stanley (1957) 
was used in this investigation. 

When solvents containing methanol are used during lipid extrac- 
tion of plant tissue, the artifact, phosphatidyl methanol is suse 
by the action of phospholipase D on endogenous phospholipids (Yang, 
Freer and Benson, 1967). A problem associated with this is that 
phosphatidyl methanol has been shown to have very similar cee 
ore Sac enic properties to those of diphosphatidyl glycerol 
Genkonen, 1968). Recent studies have shown that only phosphatidyl 
choline and ethanolamine are transesterified to phosphatidyl methanol 
during room temperature lipid extraction of white clover, pumpkin and 
cauliflower leaves with methanol (Roughan and Batt, 1969). In the 

present study, phospholipids were determined only as total phospho- 
| lipids and assumed to be entirely phosphatidyl glycerol. Therefore 
| the transesterification of these phospholipids ines! Cascais ie 
problem. 

Most of the earlier work in the analysis of plant lipids 


involved separation methods such as paper chromatography (Wintermans, 
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1960), silica gel impregnated paper (Kates, 1960) and thin layer 
chromatography (Nichols, 1963; Lepage, 1964). However, these methods 
were limited in efficiency of the separations obtained. The more 
recent methods include absorption chromatography on silicic acid, 
florisil, activated carbon, DEAE cellulose and Sephadex columns, 
alone or in combination with thin layer chromatography. Silicic acid 
columns are most widely used even though the early attempts in their 
use were not successful because of the contamination problem with 
chlorophyll and poor separations. The methods used in this study 
involve the combination of Sephadex LH-20 column with silicic acid 
column chromatography and thin-layer chromatography. 

Since this method of determining the glycolipids analytically 
is by a sugar estimation (Dubois, Gilles, Hamilton, Rebers and Smith, 
1956), sucrose from the chloroplast isolation media is a Significant 
COnpaminanu inethe lipid extracts of theychloropllasts. An efficient 
way of separating the lipid sugars from the water-soluble or free 
sugars is to use a Sephadex column and Sephadex LH-20 can be used 
when applying organic solvents. The sugars, having a lower molecular 
weight than the lipids, move through the column at a slower rate. 
Dheeresul.ts Oi, assays of mee ole and lipid sugars eluted 
from the Sephadex LH-20 column used are presented in Table I. In 
Fig. 8 the elution patterns are presented ere Fractions 
to 4 were found to contain a high amount of free sugar relative to 
the subsequent samples. Since it is not we Lone for sample components 
to be eluted until a volume of liquid greater than the void volume . 


of the gel has passed through the column, it is suspected this was due 


< re 






“evel nidy bie (OG ,cotad) Tee OOTP ae {on eatiis , (0808 
F ‘ ; y 
shotsam ese) orprewoil Die, ,oxerad @2R@P gblieea lh) gipetaetanciion 
eTon a ittietde uinitercque o3 VO _onertedtie Gi Setiats ous 
se niofis? So Wihergotuccrts coli pees BhrIbtl econvam Jneees : 
anmalon Maperiges One sandeiied NAAO) pysdage  beteviees ,lisitol® 

Kies «feel i2 whtrewaseteecanis vovel off? Aiv nociaG ies ai 4o snoig 
sland 4 qmutie yiuss i cevets aave heen plebiw feos ets Samvigs uy 
aiiimeteou ots te sensoud Ermieeseure Jor sae aaa 7 1} 
Py ip baeu 250g : nin THIEGSS! ISS8s Bee ‘ iyteovetds 7 
sg oloriis dtiw wemilos OSI xebathgee do) an ieaezanes aft svfovad / re 
‘UtetRotniic “eye -nity tee Wieeripevagneds aap igs a 
; 7 
eoivylsns thiqricoyis ent fr fuAT ele 7) Lodéitem atts santé 5 

c 


,a2in’ Soe stecdell .avtlinsH .<e2(Lid , e200) nodtauisen teats we ee 
- 


; , ‘ ; 7 
scchiingic go 2i Biroem morveiee? 773 "> SHY BOTS SSotecs » (e2eL : 









satt to eldulos«<iaispw ‘ais uot etener piert Sav anévevaese Ia vee 
boew of nao OS-f! soefedqet boa ellos ashhAaqet @ sey OF CP Saagee 
talvoelom tawol « guivad »eisuie otf sadnevits siney we anlyique asthe D 
sbiat sawole cs fi witioo eft dsvowlls S¥om jebdezz any nadt 3fgiee - 


. 
=, : : - j x a 
belols aywawe biqti one siccsce-et oe Glog to Feesesr 3o erlucer ot _ 


nt. .f sidaT al bonwisasig ove beau omiifoc OS-Hd abst oid mot” 9 : 


A 
DP efofdtett «yltacimjeiy betneatsg sts ahaha | nvidpde ong & 
: OF evbrhien “ngus sev) Yo Inuone sini w Rhawh 


nie 20% =idsen0q Jon st 9h enake 









38 


Table I. Distribution of Lipid and Non-lipid Sugars Isolated from 
Bean Chloroplasts. 


Sugars aswuaeealactose / mi 





Fraction No. Total Sugars Water-soluble Lipid Sugars* 
Sugars aa 

1 10.3 10.3 0) 

é 5.0 5.0 0 

3 4.0 4.0 0 

4 4.0 4.0 0 

5 365 365 0 

6 (as 3.0 4. 
a 122.4 She 113.58 
8 770.0 9.2 760.8 
o 840.0 5.4 834.6 
10 62.0 5.0 AO 
11 23.0 Bact 19.9 
ily 9.5 8.3 1.2 
13 BO Desh 0.9 
14 4.0 B22 0.8 
15 3.6 365 Org 
16 el 12.0 | 0.4 





One ml aliquots containing 2,625 ug total sugar (as galactose) 
were applied to Sephadex LH-20 columns and eluted with chloroform- 
methanol (3:1) at a flow rate of 0.1 ml per min. The temperature 
of the column was maintained at Pees 


* Calculated by subtracting water-soluble sugars from 
total sugars. 
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to residual Sephadex fines. 

The sugar-containing lipids were found to be eluted in frac- 
tions 6 to 11. This combined volume of lipid fractions was the same 
as the fractions which contained pigments. Therefore the pigments 
were used later as a marker to indicate where the lipid was on.the 
column. Soluble sugars started to elute in fraction 16 and eluted 
in a much wider band which lagged behind the lipid band by several 
millilitres, thus ensuring good separation. Glycolipid recovery in 
fractions 6 to 11 was 90 per cent. A disadvantage of this method 
is that some of the sugars are not eluted with the chloroform-methanol 
mixture used and a methanol-water mixture had to be used to clean the 
column. This causes the column to shrink and thus the column must 


be repoured before it can be used again. 


separation of Lipids 
IieordetecOsassaye tne ciycolapids on tie basis) ol their 


Sugar moieties, they must first be separated. This was done using 
silica gel column chromatography followed by thin-layer chromatography 


Ones uircamee lei. 


i, Silicic Acid Column Chromatography 


A shoeiacwiicucsacad columivot only 1.75 scmiwas: useds vo 
eliminate trailing which can cause poor separation on longer columns. 
Thin-layer chromatographic analysis on silica gel G of the silicic 
acid column eluates was used to indicate whether there was any con- 
tamination of one fraction with another (Fig. 9). When sprayed with 


anthrone-sulfuric acid, there was no indication of the presence of 
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Dragrame or Silica Gel HR Place Used to Separare Lhe 

Components Eluted as Fractions 1, 2, 3 and 4 from the 

Silicic Acid Colum. The developing solvent was chloroform/ 
methanol/glacial acetic acid/ water (85/15/10/3). The 

plates were sprayed with 0.2 anthrone (w/v) in concentrated 
sulfuric acid and heated at 70 C. The diglycerides were 
identified on the basis of color and by comparing the Rf 
values with»those of Roughan and Batt (1968)y Pig, 

pigments; MGDG, monogalactosyl diglyceride; DGDG, digalactosyl 
diglyceride; SL, sulphoquinovosyl diglyceride.” 
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glycolipids in fractions 1 and 2. Fraction 3 contained a glyco- 
lipid which was identified by its Rf value as being monogalactosyl 
diglyceride. Fraction 4 contained two spots which were identified 
by their Rf values as being digalactosyl diglyceride and sulpho- 
quinovosyl diglyceride. Thin-layer chromatography thus confirmed 


that fractions 3 and 4 were distinctly different. 


B. Thin-layer Chromatography 


Since the silicic acid column was unsatisfactory for the 
separation of digalactosyl diglyceride from sulphoquinovosyl diglycer- 
ide, thin-layer chromatography on silica gel was required. Both 
Silica gel G and HR were tried and both gave good separation but 
Silica gel G was unsuitable for the analysis of the sulpholipid later. 
HuacurOne Le rometnc: silicic acid column, was applied. tova plate to 
separate out some of the chlorophyll that still remained. On a normal 
chromatogram the pigments appeared right below the solvent front and 
the monogalactosyl diglyceride immediately behind. There was still 
partial mixing of the pigments and the monogalactosyl diglyceride 
but accurate analyses were possible after acid hydrolysis of the 
lipid-loaded adsorbent, leaving the pigment and fatty acids adsorbed 
on the gel. 

The digalactosyl diglyceride and sulphoquinovosyl diglyceride 
were also separated from fraction 4 on silica gel HR using the same 


developing solvent system. 


Glycolipid and Phospholipid Analysis 


The lipids were analyzed on the basis of either phosphate or 
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Sugar obtained after hydrolysis of the isolated lipid. 

The phenol-sulfuric acid estimation was found by Roughan 
and Batt (1968) to be one of the most sensitive methods for sugar 
analysis. When they used galactose and sulphoquinovose they found 
that this method was equivalent to that of the reducing sugar pro- 
cedure of Dygert et al., and almost twice as sensitive as the anthrone 
estimation. They also found that the presence of silica gel did not 
affect the phenol-sulfuric acid reaction and did interfere with the 
reducing sugar procedure. On the basis of sensitivity and the fact 
that the lipids do not have to be eluted from the gel, the phenol- 
sulfuric acid method was used. 

After galactose and the chloroplast glycolipids had been 
hydrolyzed in the presence of silica gel HR with 2 N sulfuric acid 
for 60 minutes, the characteristic absorbance vs. wavelength curves 
in Figure 10 were obtained on a Beckman DK-1 spectophotometer. One 
hour appeared to be long enough to liberate the sugar from the lipids, 
leaving the pigments and the fatty acids absorbed on the gel. Centri- 
fugation at 2,000 ¢ for 5 minutes was sufficient to clear the super-— 
natant. An aliquot of the hydrolyzed lipids and galactose were 
treated separately by adding varying amounts of phenol and concentrated 
Sulturie acid toerind the maximum absorbance. sell was Lound j) aneaid 
cases, that as the amount of phenol was decreased, ae absorbance 
increased to a maximum where it leveled off. The maximum absorbance 
was observed when 1 ml of 2 per cent phenol and 4 ml of concentrated 
sulfuric acid were used. The maximum absorbance in all cases was 


at 490 nm. It was also found that when the glycolipids were separated 
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Big. etn oSorplLuon.opectra ol Glycolipids.lsolated [rom Kinghorn 
Wax Bean Chloroplasts and of Galactose. (A) galactose; 
(B) monogalactosyl diglyceride; (C) digalactosyl diglyceride; 
(D) sulphoquinovosyl diglyceride. The galactose standard was 
prepared by adding 1 ml of the standard solution (100 ug/m1) 
to a centrifuge tube containing a small amount of silica gel 
HR. To this 1.mk.of + N sulfuric. acid was sadded andthe 
solution was heated at 100°C for 60 minutes. After cooling 
and centrifuging down the silica gel, a 1 ml aliquot was 
withdrawn from the tube and 1 ml 2% phenol and 4 ml conc. 
sulfuric.acid were added. The solution was shaken .and cooled 
to room temperature before scanning on a Beckman DK-1 spectro- 
photometer. The glycolipids were scraped off the silica gel 
HR plates into centrifuge tubes and 2 ml of 2N sulfuric acid 
was added. They were then treated the same as the standard. 
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on silica gel G, that the blanks were variable and gave poor results. 
On the other hand, Silica gel HR gave consistant results even when 
varying amounts were used. It was then established that when 1 ml 
of 2 per cent phenol and 4 m1 of concentrated sulfuric acid were 
used in the presence of silica gel HR, a linear standard curve 

could be produced between 10 to 100 ug of galactose at a wavelength 
of 490 nm. Such a standard curve was used (Fig. 4) for the estima- 
tion of sugar concentrations from the bean chloroplast glycolipids 
which were separated on silica gel HR plates. 

Table If shows the results of the analysis in terms of 
chlorophyll content of the tissue. The results show that the chloro- 
plast is particularly rich in the galactosyl diglycerides with mono- 
galactosyl diglyceride being the most abundant. The only other major 
acyl lipids found were a sulpholipid and a phospholipid which has 
been identified as phosphatidyl glycerol on the basis of Rf. 

Some reports of the distribution of lipids in photosynthetic 
tissue have been made previously. The ratios of the glycerolipids 
from this study and previous studies by other workers are compared 
in Table III. It may be seen that in all cases the galactosyl 
diglycerides are the most abundant and the sulpholipid is present in 
least amounts. The galactolipid results for the wax bean chloroplasts 
of this study appear higher compared to the other studies. This 
may be a consequence of lower concentrations of sulpholipid in the wax 
bean chloroplasts. The time of harvest may have some effect on the 
concentration of sulpholipid. Roughan and Batt (1969) have suggested 


that the sulpholipid levels of red clover leaves may be reduced three- 
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Table II. Acyl Lipids of Kinghorn Wax Bean Chloroplasts. 


Lipid ug/mg chlorophyll uM/mg chlorophyll 
Scat 569.6 + 18.3 0.74 + 0.03 
ae W952 5207 Sees 8 
Phospholipids 128.0 + 9.2 eile ce Ones 
SS aaah 7 £5 24 SHEE 





The results are the means + half range of 3 replications. 
The glycolipid levels were calculated from the sugar moities which 
were estimated quantitatively spectrophotometrically. The multiplica- 
tion factors used were 4.3 for monogalactosyl diglyceride, 2.7 for 
digalactosyl diglyceride, and 4.5 for sulphoquinovosyl diglyceride. 
The phospholipid value was derived by quantitatively assaying the 
amount of phosphorus spectrophotometrically and multiplying the value 
by 24. 
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Table III. Comparison of Acyl Molar Ratios of Bean Chloroplasts 
With Other Plant Tissues. 





Wax Bean Spinach (1) Spinach (2)Photosynthetic(3) 
Chloroplast Chloroplast Lamellae Tissues 
Monogalactosyl 
diglyceride 148 80 36 93 
Digalactosyl 
diglyceride 106 30 20 63 
Phospholipid 34 20 292 50 
Sulphoquinovosyl 10 10 10 10 
diglyceride 


1. Wintermans (1960) 
2.» Allen, Hirayama and Good (1966) 
Be) RouUghan andeBbave (1969) 


The photosynthetic tissues (Roughan and Batt, 1969) represent 
the average of twenty species ranging from green algae to leaves of 
higher plants. The sulpholipid value was taken as 10 in each case. 
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fold in the morning as compared with later in the day. The wax 
beans in this case were harvested immediately after the plants had 
been in darkness for 12 hours. This may be the reason for the low- 
er sulpholipid concentration in the wax bean chloroplasts as compared 
to the other studies. The species, age of the plant and the conditions 
of growth may also affect the ratios. The wax bean chloroplasts 
were harvested after 12 days and were grown under artatacai~.12nG, 
whereas the spinach chloroplasts (Wintermans, 1960) and the spinach 
lamellae (Allen, Hirayama and Good, 1966) were from older plants 
which were grown in the field. The ratios of the lipids in the 
photosynthetic tissues are an average of twenty different tissues, 
ranging fram green alga to the leaves of higher plants (Roughan and 
Batt, 1969). The phospholipids are higher in this case because of 
the contribution from other organells as well as chloroplasts. 

Other than the lower sulpholipid concentration the glycero- 
NAcc 20. the wax bean chloroplasts follow the same trend as those of 
spinach chloroplasts, spinach lamellae and other photosynthetic tis- 


SUES. 


Favey Acids 


Gas liquid chromatography of the fatty acids from mono- 
galactosyl diglyceride, digalactosyl diglyceride and sulpholipid revealed 
the presence of major amounts of linolenic acid (18:3), high amounts 
of palmitic acid (16:0) and minor amounts of lauric acid (12:0), 
myristic acid (14:0), palmitoleic acid (16:1), palmitolenic acid 
(16:2), stearic acid (18:0), oleic acid (18:1), and linoleic acid 


(1832). 
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The results for the individual glycolipids are given in Fige 
ll and Table IV, and are expressed as fatty acids in per cent of 
total peak area of components being detected. It may be seen that 
linolenic acid is by far the most abundant fatty acid in the chloro- 
plast. In monogalactosyl diglyceride it is almost the exclusive 
fatty acid. It represented more than 75% of the fatty acids of 
digalactosyl diglyceride, sharing the glyceride mainly with palmitic 
acids) In tne sulpholipids less than half of the fatty acid was 
linolenic acid with the remainder being predominantly palmitic acid. 

The fatty acid composition of monogalactosyl diglyceride, 
digalactosyl diglyceride and sulphoquinovosyl diglyceride were 
slightly different from those reported previously from spinach 
chloroplast lamellae (Allen, Good, Davis, Chisum and Fowler, 1966) 
and spinach chloroplasts (Allen, Good, Davis and Fowler, 1964) which 
were similar in fatty acid composition. They reported that the 
monogalactosyl diglyceride in spinach lamellae contained 71.9 per 
cent linolenic acid as compared to 91.6 per cent found in the wax 
bean chloroplast in this study. Digalactosyl diglyceride from the 
spinach lamellae contained 86.7 per cent as compared to 75.3 per 
cent in the wax bean chloroplast. The 16:3 fatty acid of the mono- 
galactosyl diglyceride and digalactosyl diglyceride represented 25 
and 5 per cent respectively in the spinach lamellae, but there were 
only trace amounts in the bean chloroplast. On the other hand, 
palmitic acid was found only as trace amounts in Phose Lipids of =the 
spinach lamellae but made up 15 per cent of the fatty acids of 


digalactosyl diglyceride from bean chloroplasts. The fatty acid 
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Fig. 11. Chromatograms of Fatty Acids of the Glycolipidssextracved 
from Bean Chloroplasts. An Aerograph model 200 equiped with a hydrogen 
flame ionization detector was used. Approximately 5 ul of the methylated 
fatty acids from the diglycerides was injected into a 10 foot by 1/8 
inch stainless steel column packed with diethylene glycol succinate 
(20%) on 60-80 mesh chromosorb P. The column temperature was 195°C, 
injector temperature ALO. and the flow rate of nitrogen was 25 ml 

per min. By matching the fatty acids with known standards the peaks 
were identified as (1) methyl laurat; (2) methyl myristate; (3) methyl 
palmitate; (4) methyl palmitoleate; (5) methyl palmitolenate; (6) 
methyl stearate; (7) methyl oleate; (8) methyl linoleate and (9) methyl 


linolenate. 


A. Monogalactosyl Diglyceride 
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Table IV. Fatty Acid Composition (% peak area) of the Glycolipids 
from the Chloroplasts of Kinghorn Wax Bean Leaves 





Fatty Acid Monogalactosyl Digalactosyl Sulphoguinovosyl 
diglyceride diglyceride diglyceride 
12310 0.6 hey 363 
14:0 0.4 0.0 4.9 
16:0 Shs ai aa PWS: 
Nee O53 Wa 4.9 
16:2 0.4 0.9 “Be 
133.0 AG Bak 6.6 
egy 0.9 Leaf, ere 
1322 TEAS 1.4 4.9 


18:3 91.6 75.3 42.6 
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composition of sulphoquinovosyl diglyceride from the wax bean chloro- 
plasts was however, similar to this component from spinach lamellae. 

Sastry and Kates (1963) reported that monogalactosyl diglyce- 
ride from runner-bean leaves contained 96 per cent of 18:3 and O'Brien 
and Benson (1964) reported it to be 95 per cent in alfalfa leaves. 
Digalactosyl diglyceride from runner-bean leaves and alfalfa leaves 
contained 93 and 82 per cent of 18:3 respectively, the remaining 
acids being 16:0 in each case. No 16:3 fatty acid was reported in 
either case. The fatty acid composition of the sulpholipid from 
alfalfa leaves also resembled very closely that of the wax bean 
chloroplasts. 

Monogalactosyl diglyceride and digalactosyl diglyceride were 
found to resemble each other closely in fatty acid composition. 

These findings may be used to support the hypothesis that monogalac- 
tosyl diglyceride is converted to digalactosyl diglyceride by 
galactosylation. Sulphoquinovosyl diglyceride, on the other hand, 
is much more saturated and is more likely to have arisen from an 
independent diglyceride pool. 

A definite conclusion can be drawn that the lipids of the 
chloroplast are highly unsaturated. It is surprising that lipids 
with such a high degree of unsaturation are present at the site 
involved in light absorption and oxygen evolution, bon conditions 
which favor oxidation of unsaturated fatty acids. Very little ox- 
idized fatty acids were found in this study, and those that were 
detected may have arisen in the course of extraction and sample 


preparation. Therefore it seems that the unsaturated fatty acids 
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are protected from oxidation in the chloroplast by the presence of 
antioxidants or by their inaccessibility within the chloroplast 


lipoprotein. 
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APPENDIX 


Table i. Buffer for Extraction of Chloroplasts. This makes two 


litres of 0.33 M sucrose phosphate buffer. 


Sucrose 225.6 grams 
KGL 1.492 grams 
MgCl, 6H,.0 2.020 grams 
KH,PO), 27.20 grams 
K HPO), 34.80 grams 
pH | 6.80 


Table ii. Phosphate Buffer. This is brought to a final volume of 


one litre. 
KH.,,PO), 13.60 grams 
K HPO, 17.40 grams 
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Table iii. 


Density Gradient Buffers. 


Hole solLuuions 


1.0 M (a) Sucrose 
1.5 M (b) Sucrose 
2.0 M (c) Sucrose 
KCL 
MgC1, .6H,0 
KHPO,, 
K HPO), 


pH 


All quantities are for 500 


Lee 
256.8 
342.4 
0.373 
0.505 
0.680 
0.870 
6.80 


grams 


grams 


grams 


grams 


grams 


grams 


grams 
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